Zebra®sh one-eyed pinhead (oep) is essential for embryonic axis and dorsal midline formation by promoting Nodal signalling and is thought to act as a permissive factor. Here we describe that oep elicits profound phenotypic effects when overexpressed in Xenopus and zebra®sh. In Xenopus, wild-type oep inhibits mesoderm induction, disrupts axis formation and neuralizes animal caps. A secreted Oep dorsoanteriorizes and neuralizes Xenopus embryos indicative of BMP inhibition. In zebra®sh, misexpression of smad1 in oep mutant embryos also reveals an interaction of oep with BMP signalling. Furthermore, the phenotypic effect of nodal overexpression can be rescued by coexpression of oep both in Xenopus and zebra®sh. Taken together, our results support an interaction between oep and nodal but they suggest also (1) that the role of oep in Nodal signalling may include negative as well as positive regulation, (2) that oep is able to function in an active fashion and (3) that oep exerts a regulatory effect on the BMP signalling pathway. q
Introduction
The one-eyed pinhead (oep) gene encodes a member of the EGF-CFC protein family (Zhang et al., 1998) whose zygotic disruption affects all three germ layers during early zebra®sh embryogenesis (Schier et al., , 1997 Solnica-Krezel et al., 1996; Stra Èhle et al., 1997b) . In particular, the prechordal plate does not form in oep mutants. This anterior mesendodermal tissue is a potent anterior neural inducer and regulates the dorsoventral regionalization of the forebrain (Dale et al., 1997; Li et al., 1997) . As a result of the failure of prechordal plate formation, embryos mutant for oep are cyclopic. In addition, formation of thē oor plate and the endoderm are impaired in these mutant embryos (Schier et al., 1997; Stra Èhle et al., 1997b) .
Recently, it has been suggested that Oep functions as a cofactor in Nodal signalling (Gritsman et al., 1999) . Nodal is required for germ layer formation, induction of the organizer, speci®cation of the prechordal plate and midline signalling during early embryogenesis in zebra®sh, Xenopus and mouse (Conlon et al., 1994; Feldman et al., 1998; Rebagliati et al., 1998a,b; Sampath et al., 1998; Osada and Wright, 1999) . In zebra®sh mutants that lack both maternal and zygotic oep activity (MZoep), a complete disruption of axial structures is observed (Gritsman et al., 1999) . This phenotype is reminiscent of double mutants of the nodalrelated genes squint and cyclops (Feldman et al., 1998; Sampath et al., 1998) . Furthermore, in MZoep embryos the response to nodal overexpression is blocked. Finally, MZoep embryos are rescued by overexpression of activin and of downstream components of the Nodal signalling pathway.
Oep encodes a membrane protein whose extracellular part contains an EGF and a CFC domain. The functions of these domains with regard to Nodal signalling are unknown. In mRNA injections, wild-type oep rescues the maternal and zygotic mutants as does the mutant allele oep m134 encoding a C-terminally truncated protein which is no longer membrane-associated but secreted. Importantly, overexpression of oep RNA in zebra®sh embryos failed to elicit a phenotype. It has been concluded therefore that Oep is a permissive factor, passively gating Nodal signalling (Zhang et al., 1998) .
Here we show that overexpression of oep in Xenopus and zebra®sh has profound effects on early embryogenesis, suggesting that the Oep protein can act as an instructive signal.
Results

Oep overexpression leads to axis disruption and anteriorization
To investigate the role of oep in embryogenesis, we carried out overexpression experiments by microinjecting synthetic oep RNA into early Xenopus embryos. Overexpression of oep leads to severe disruption of axial structures (Fig. 1C,D) . In addition, overexpression of the soluble form of oep (oep m134 , here referred to as s-oep) strongly anteriorizes the embryos as judged by the induction of greatly enlarged cement glands (Fig. 1A,B ) and bigger heads including ventral eye defects (a phenotype characteristic for hyperdorsalization/anteriorization; Fig. 1E, left) . In the more severe cases, half of the embryo consists of cement gland tissue in the absence of axial structures (Fig. 1E , right). While interference with axis formation is always observed with both forms of oep, anteriorization and induction of big cement glands is predominantly seen with s-oep (I) RT±PCR analysis of animal caps. Fourcell embryos were injected animally with 0.375 or 1.25 ng/blastomere of the indicated RNAs into all four blastomeres, cut at stages 8±8.5 and cultured until control embryos reached stage 11. (J) RT±PCR analysis of animal caps. Four-cell embryos were injected and animal caps were cut as described above and cultured until control embryos reached stage 36. H4, Histone 4; 2RT, negative control without reverse transcriptase; we, whole embryo positive control; ni, animal caps cut from noninjected embryos as negative control.
(78% of the embryos; n 40), suggesting that membrane anchorage of Oep protein in¯uences its ability to interact with signalling pathways. The results indicate that wild-type oep impairs axis formation while s-oep activates a dorsoanteriorizing pathway. These effects are speci®c since in control overexpression experiments with preprolactin (ppl) mRNA encoding a secreted protein we did not obtain phenotypes other than wild-type indicating that our phenotypes observed with oep are not simply due to overloading the translation or secretion machinery.
Animal caps are neuralized by Oep
To further investigate the instructive abilities of oep, a series of animal cap experiments was performed in Xenopus. Control RNA-injected caps form atypical epidermis (Fig. 1F) , while caps overexpressing oep (both forms) differentiate cement gland tissue (Fig. 1G,H) . Histological examination of these caps con®rmed that the induced tissue was cement gland and neural (data not shown). Reverse transcriptase±polymerase chain reaction (RT±PCR) analysis of stage 11 animal caps (Fig. 1I) shows induction of the early anterior neural marker otx2 (Blitz and Cho, 1995; Pannese et al., 1995) and downregulation of the ventral markers Xvent1 (Gawantka et al., 1995) and Xvent2 (Onichtchouk et al., 1996) . The dorsal marker chordin (prospective notochord; Sasai et al., 1994) is induced with high doses of Oep. Mesoderm is not induced in these explants as judged by the absence of Xbra expression (Smith et al., 1991) . In stage-36 animal caps (Fig. 1J) , the pan-neural marker N-CAM (Kintner and Melton, 1987) , the anterior neural marker otx2 and the cement gland marker XAG1 are induced by Oep. N-CAM induction by s-Oep seems to be slightly stronger than by Oep. The absence of muscle actin expression (Mohun et al., 1984) indicates that no mesoderm was formed. In conclusion, oep overexpression directly neuralizes animal caps, indicating that it can override anti-neuralizing BMP signals.
Mesoderm induction is inhibited by oep overexpression
The disruption of axial structures by oep overexpression suggests that mesoderm formation might be inhibited. To investigate this, a series of RT±PCR experiments on Xenopus animal caps and whole embryos was performed ( Fig.  2A) . Mesoderm induction was monitored by expression of the pan-mesodermal marker Xbra (Smith et al., 1991) . In whole embryos, mesoderm formation was inhibited by overexpression of s-oep ( Fig. 2A, left) . To test if oep interferes speci®cally with one of the pathways leading to mesoderm induction, animal caps were treated with various mesoderm inducers. Overexpression of s-oep interferes with mesoderm formation by Xnr1 (Jones et al., 1995) , Activin (Smith et al., 1990) , BMP-4 (Ko Èster et al., 1991) and by basic ®broblast growth factor (Kimelman and Kirschner, 1987) . The effect is strongest for the TGFb-type factors, while residual mesoderm induction is detected with bFGF ( Fig. 2A , right).
Next we tested whether s-oep is able to rescue embryos overexpressing Xnr1. At lower doses, Xnr1 RNA injection does not yield a signi®cant phenotype except of the formation of protrusions in a subset of embryos (not shown; Jones et al., 1995) . At higher doses, radial injection of Xnr1 RNA leads to early embryonic death due to a conversion of most of the embryo's tissues into mesendoderm and a subsequent failure to gastrulate (Fig. 2B, middle) . Injection of s-oep RNA partially rescues the axis of Xnr1-injected embryos that gastrulate and form trunk and head structures (Fig.  2B , right), indicating that oep can antagonize Nodal signalling. In conclusion, s-oep overexpression interferes with mesoderm induction in whole embryos and in animal caps treated with various mesoderm inducers.
Overexpression of oep in zebra®sh embryos causes effects similar to those observed in Xenopus embryos
To investigate whether overexpression of oep would also cause phenotypes in zebra®sh embryos, synthetic oep mRNA was injected into early cleavage stages at higher doses than tested previously. Embryos were stained with a sonic hedgehog (shh) antisense probe to reveal the body axis (Krauss et al., 1993) . Zebra®sh embryos overexpressing wild-type oep showed posterior truncations (39.6%; n 106) very similar to the phenotype of moderately dorsalized zebra®sh mutants (Mullins et al., 1996; Fig. 3A) , indicating that high doses of oep can interfere with axis formation in the zebra®sh embryo as in Xenopus.
We next asked whether oep would attenuate the overexpression effect of Nodals in zebra®sh as it does in Xenopus embryos. The cyclops (cyc) gene encodes a nodal-related gene highly homologous to mouse and Xenopus nodal genes (Rebagliati et al., 1998b; Sampath et al., 1998) . Like its homologues in Xenopus embryos, overexpression of cyc disturbs axis formation in zebra®sh embryos (Fig. 3B) ; most embryos resemble the`buzzled' phenotype characteristic of LiCl-treated embryos or highly dorsalizing mutations (Stachel et al., 1993; Toyama et al., 1995; Mullins et al., 1996) . Co-expression of oep mRNA resulted in a significant reduction in the frequency of the most severe phenotype (Fig. 3C) . A large proportion of double-injected embryos developed a differentiated anterior body axis. In double-injected embryos, posterior development was, however, still impaired similar to oep single injections (Fig. 3A,B) . Taken together, these results indicate that oep can inhibit cyc function in the zebra®sh embryo.
Oep inhibits the activity of smad1 in zebra®sh embryos
The results in Xenopus described above suggest that oep might interfere with BMP signalling. BMP signals are transduced intracellularly by Smad1 and Smad5 proteins (Hoodless et al., 1996; Liu et al., 1996) . Overexpression of smad1 in wild-type zebra®sh embryos leads to a moderate increase in ventroposterior structures such as blood and ventral tail ®n (Mu Èller et al., 1999 ; data not shown). The head ± even though slightly smaller ± forms normally. Expression of the midline marker shh and of hgg1, which marks the prechordal-plate-derived hatching gland, are unaffected in wildtype embryos overexpressing smad1 (Fig. 4A,B) . Oep mutants lack hatching glands as well as shh expression in the neural tube (Fig. 4C ). Curiously, smad1 is able to rescue both shh as well as hatching glands in oep m134 mutant embryos (Fig. 4D) . The BMP transducer Smad1 has thus an activity very similar to the Nodal/TGFb/Activin transducer Smad2 in oep mutant embryos (Gritsman et al., 1999 ; Table 1 ). Moreover, ectopic and enhanced expression of shh is observed in oep mutant embryos overexpressing smad1 (Fig. 4D ), but not in Smad1-injected wild-type embryos (Fig. 4B) . In contrast, smad1 expression does not induce shh expression in the neural tube of cyc mutant embryos (Fig. 4E,F) . Heterozygous siblings of cyc mutants stained in parallel displayed shh expression indistinguishable from the wild-type staining, and Smad1-injected embryos showed an increase of blood cells (data not shown) demonstrating that lack of shh expression in Smad1-injected cyc mutants is not due to experimental failure. In conclusion, the BMP transducer Smad1 is able to rescue features of oep mutant embryos comparable to the Nodal transducer Smad2, and oep activity can prevent shh activation by smad1 overexpression. These results provide further evidence for an interaction of oep with the BMP pathway and suggest that Oep does not only act as a competence factor at the cell surface but that it has in addition an intracellular consequence consistent with a signalling function of Oep other than through the Nodal pathway. 
Oep and Xnr1 proteins may not interact directly
Several lines of evidence indicate that oep interacts with Nodal signalling. In the most simple model, binding of Nodal to Oep would be required for receptor signalling. In this view, excess Oep protein, e.g. following overexpression as in our experiments may sequester Nodal, thereby blocking signalling. To test for a direct interaction between Oep and Nodal we expressed both as recombinant tagged proteins in 293T cells.
First, we established a positive control for Nodal binding to a physiological partner, using Cerberus (Cer), which physically interacts with Xnr1-protein (Piccolo et al., 1999) . Western blot analysis con®rmed the presence of HA-tagged Xnr1, Flag-tagged s-Oep, and Fc-tagged Cer proteins in the conditioned media used for the binding assays (Fig. 5A) . HA-Xnr1 can be speci®cally detected in ®xed transfected cells using anti-HA antibody (Fig. 5B,B H ). Xnr1-transfected cells can also be detected by Cer-Fc (Fig.  5C,C H ). Under conditions where Cerberus binds to Xnr1, we are, however, unable to detect binding of Flag-s-Oep to Xnr1-transfected cells (Fig. 5D) . Staining with the antiFlag antibody leads to a lower general background than with the anti-HA or the anti-Fc antibody (compare Fig.  5D with Fig. 5B ,B H ,C,C H ). This experiment was carried out with different ®xation protocols, different Oep fusion proteins and reversed set up of the binding protocol (HAXnr1 conditioned medium, pCS21Flag-oep transfected 
cells) yielding negative results in all cases (not shown).
Similarly, we failed to detect any interaction between soluble Oep protein and cells transfected with His-tagged activin receptor IB (ActRIB-His) which is a putative Nodal receptor (not shown). In summary, we were unable to detect a physical interaction of Oep with components of the Nodal signalling pathway.
Discussion
The oep gene plays an important role during zebra®sh embryogenesis. It is required for early axis formation as revealed by maternal mutants (Gritsman et al., 1999) as well as for prechordal plate formation and midline signalling during gastrulation and neurulation (Schier et al., 1997) . While oep mRNA rescues the mutants, oep mRNA overexpression in wild-type zebra®sh failed to reveal any signi®cant phenotype, which led to the suggestion that oep functions as a permissive factor (Zhang et al., 1998) .
Our results indicate that oep is able to function in an active fashion. We show that overexpression of oep in Xenopus and zebra®sh embryos disrupts axis formation. Xenopus embryos overexpressing the secreted variant s-oep display an anteriorized phenotype with enlarged cement glands, big heads and ventral eye defects. In animal caps, both oep forms neuralize and induce ectopic cement glands in the absence of mesoderm induction. In Xenopus, s-oep inhibits mesoderm induction in animal caps by various mesoderm inducers as well as mesoderm formation in whole embryos. The effect of nodal overexpression in embryos ± hyperinduction of mesendoderm resulting in a failure to gastrulate ± is partially rescued by oep both in zebra®sh and Xenopus. In parallel experiments using ppl instead of oep mRNA we did not observe the effects described above indicating their speci®city. These ®ndings suggest that in gain-of-function experiments, oep blocks the Activin/Nodal-like signal responsible for mesendoderm induction. Our data reveal that oep is able to act as an inhibitor of the BMP signalling pathway. In Xenopus, oep blocks the anti-neuralizing BMP pathway. In zebra®sh, oep blocks the ability of Smad1 to induce ectopic shh, revealing a repressive effect on BMP signalling. As cyc mutant embryos do not elicit shh expression in response to smad1 misexpression we regard it as unlikely that the repressive effect of oep on smad1 activity is mediated by activation of the Nodal signalling cascade. An instructive role for oep is also consistent with the observation that other members of the EGF-CFC family activate the FGF receptor (Kinoshita et al., 1995) and the EGF-MAPK pathways (Kannan et al., 1997; Bianco et al., 1999) .
Overexpression of oep resembles overexpression of the head inducer cerberus, both neuralize and inhibit axial structures (Bouwmeester et al., 1996) although we never observed head induction with Oep. Cerberus has been shown to perform a triple function: It binds and inhibits Nodal-related, BMP and Wnt signalling factors (Piccolo et al., 1999) . The lack of head-inducing activity of oep in gainof-function experiments is probably due to its inability to inhibit Wnt signalling. Although Oep can inhibit secondary embryonic axes induced by injected Xwnt8 mRNA, it failed to rescue microcephaly induced by late Xwnt8 expression, indicating that it does not inhibit Wnt signalling directly (data not shown).
According to a triphasic model for the role of Nodal signalling in head formation (Piccolo et al., 1999) , an early Nodal signal is required to establish the tissues responsible for head induction. Later on, Cerberus inhibits Nodal signalling and thereby suppresses the formation of trunk mesoderm in the anterior of the embryo. After the head has been induced, Nodal signalling is necessary for correct dorsal midline development. The similarity of oep and cerberus overexpression phenotypes is consistent with our observation that oep directly or indirectly inhibits Nodal and BMP signalling. This is rather unexpected, since in zebra®sh a large body of evidence suggests that oep is required for Nodal signalling (Gritsman et al., 1999) . Our binding experiments make it unlikely that overexpression of oep simply leads to a sequestration of Nodal protein. However, we cannot rule out a direct interaction which may be very unstable or transient. Yet, the results argue against the possibility that the overexpression effects observed with oep are due to simple sequestration of Nodal protein. The observation that not only Nodal but also BMP signalling and even FGF-mediated mesoderm induction are impaired indicates that the function of oep is more complex than previously thought. Taken together, our results support an interaction between oep and Nodal signalling but suggest that this may also include negative regulation. While oep is required as a positive regulator promoting Nodal signalling on one hand (Gritsman et al., 1999) , on the other hand it is able to perform an inhibitory function on Activin/Nodal as well as on BMP signalling.
Materials and methods
Constructs
Flag-tagged zebra®sh one-eyed pinhead (wild-type and the secreted mutant m134) was ampli®ed from the plasmids pJZoepFlag1-2 and pJZoep m134 -9-1Flag2C (generous gift by A. Schier), respectively, with the primers f: 5 H -CCCGGATC-CAGCGGAATGACGAGTCAACTGTTCGGG-3 H (BamHI site in bold, starting codon underlined) and r: 5 H -CCCTCT-AGATTACAGCAGGCGGTGTAAAATAAAAG-3 H (XbaI site in bold) using the Expand High Fidelity PCR System (Roche). The insert was subcloned into the BamHI and XbaI sites of pCS21 (Rupp et al., 1994) yielding the plasmids pCS21Flag-oep and pCS21Flag-oep m134 . Cerberus was ampli®ed from pCS21cer (Glinka et al., 1997) using the primers f: 5 H -ACGGAATTCACAATGTTACTAAATGTA-CTCAGG-3 H (EcoRI site in bold) and r: 5 H -CCCAGATC-TATGGTGCAGGGTAGTAGATGT-3 H (BglII site in bold).
The insert was subcloned into the BamHI and EcoRV sites of pIgplus yielding the plasmid Cer-Fc.
Embryos and explants
Xenopus in vitro fertilization, cultivation of embryos and animal cap explants as well as microinjection experiments were carried out as described previously (Gawantka et al., 1995) . Embryos were staged according to Nieuwkoop and Faber (1967) . For microinjection experiments, pCS21Flag-oep and pCS21Flag-oep m134 were linearized with NotI, pCS21Xnr1 (Jones et al., 1995) was linearized with Asp718 and transcribed with SP6 RNA polymerase, pRN-PPL was linearized with S®I, pActivin (Thomsen et al., 1990) was linearized with EcoRI, pBMP-4 (Fainsod et al., 1994) was linearized with XhoI and transcribed with T3 RNA polymerase. All templates were transcribed using the Megascript kit (Ambion) and a cap analogue/GTP molar ratio of 7.5:1. Animal caps were cut at stages 8±8.5 using the Gastromaster (Xenotek Engineering) and cultured in 0:5£ Barth's solution on HEMA-coated plastic dishes. For bFGF treatment of animal caps, the explants were cultured in 0:5£ Barth's solution containing 0.25 mg/ml recombinant bFGF (Promega) and 1 mg/ml bovine g -globulins (Sigma) as a carrier. Control caps were cultured in 0:5£ Barth's solution with 1 mg/ml g -globulins. Embryos were imaged using a Sony 3 CCD camera. Pictures were processed with Adobe Photoshop.
Collection and culture of zebra®sh embryos has been described elsewhere (Wester®eld, 1995) . Details of full length smad1 mRNA synthesis have been published elsewhere (Mu Èller et al., 1999) . Smad2
CA mRNA was produced from Smad2D1-239 (Mu Èller et al., 1999) . Oep mRNA was synthesized from the plasmid pCSoep in which the oep cDNA was inserted as SmaI/XbaI fragment (Zhang et al., 1998) . Cyc mRNA was synthesized from the pCS2(1)NDR2 plasmid (Rebagliati et al., 1998a) . Synthetic RNAs were produced and injected as described (Mu Èller et al., 1999) at concentrations of 50 ng/ml (smad2 CA ), 500 ng/ ml (smad1), 20 ng/ml (cyc) and 500 ng/ml (oep). Injections were carried out in three independent repetitions. In situ hybridization on ®sh embryos was performed essentially as described (Hauptmann and Gerster, 1994; Stra Èhle et al., 1997a 
RT±PCR
RT±PCR assays were performed as described (Gawantka et al., 1995) using gene-speci®c primer pairs for histone 4, Xvent1, muscle actin (Gawantka et al., 1995) , Xbra, chordin (Glinka et al., 1996) , XAG1, Xotx2 (Glinka et al., 1997) , N-CAM (Hemmati-Brivanlou et al., 1994) and Xvent2 (Onichtchouk et al., 1996) . The number of PCR cycles was optimized for all primer pairs to be in the exponential phase of ampli®cation.
Protein expression and detection
Human kidney 293T cells were grown in DMEM 1 10% fetal calf serum (FCS) on polylysine-treated 14.5 cm tissue culture dishes to 70% con¯uence and transfected with the expression plasmids pCS21HA-Xnr1 (kindly provided by T. Bouwmeester), Cer-Fc and pCS21Flag-oep m134 . Transfection was performed with 20 mg plasmid DNA per dish using the Transfectam (Promega) or the FuGene 6 (Roche) transfection reagents, respectively. After transfection, the cells were cultured in serum-free OptiMEM (GibcoBRL; for Cer-Fc, the medium contained 1% FCS). Three days after transfection, conditioned media were collected, clari®ed by centrifugation, sterile-®ltered and concentrated with Centricon Plus20 ultra®ltration devices (Millipore). Supernatant from mock-transfected 293T cells was treated as described above and used as negative control. The concentrated conditioned media were frozen at 2808C.
Epitope tags were detected with the following monoclonal mouse antibodies at the indicated dilutions: anti-Flag M2 (Kodak), 1:2000; anti-HA (Roche), 1:1000; anti-Fc alkaline phosphatase-conjugated (Sigma), 1:10 000. The anti-Flag and anti-HA antibodies were detected with a secondary alkaline phosphatase-coupled anti-mouse IgG antibody (Roche) at 1:10 000 dilution. The membranes were stained with BM Purple reagent (Roche).
Immunochemical binding assay
293T cells were seeded onto polylysine-coated 24-well tissue culture plates and grown to 50% con¯uence, transfected and cultured for 2 days. Cells were washed twice with phosphate-buffered saline (PBS), ®xed for 15 min with 1.8% formaldehyde in PBS and permeabilized for 15 min with 0.1% Triton X-100 in PBS at room temperature. Alternatively, cells were ®xed and opened by rinsing with ice-cold methanol. Subsequently, the samples were blocked for 30 min at room temperature with PBS/10% FCS, supernatants were replaced by a minimal volume of binding buffer (20 mM Tris±HCl (pH 7.5), 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 2% glycerol, 0.1% Triton X-100, 0.1% CHAPS) containing 10% FCS and conditioned media were added. Binding was allowed to proceed for 60 min at room temperature and cells were washed three times with binding buffer. Antibodies for detection of epitope tags where diluted in binding buffer containing 10% FCS (anti-Flag M2, 1:1000; anti-HA, 1:100; anti-Fc AP-conjugated, 1:250), incubated with ®xed cells for 15 min at room temperature and washed three times with binding buffer. For the anti-Flag and anti-HA antibodies, the cells were incubated with the secondary anti-mouse IgG alkaline phosphatase conjugate (1:250) for 15 min, followed by three more washing steps. Cells were stained with Fast Red substrate (Roche) according to the manufacturer's instructions.
